This paper presents the delamination of coating with micro-cracks under compressive residual stress coupled with diffusion induced stress. Micro-cracks in coating provide a passage for corrosive species towards the coating-substrate interface which in turn produces diffusion induced stress in the coating. Micro-cracks contract gradually with increasing compressive residual stress in coating due to thermal expansion mismatch which blocks the species diffusion towards the interface. This behaviour reduces the diffusion induced stress in the coating while the compressive residual stress increases. With further increase in compressive residual stress, micro-cracks reach to the point, where they cannot be constricted any further and a high compressive residual stress causes the coating to buckle away from the substrate resulting in delamination and therefore initiating blistering. Blistering causes the contracted micro-cracks to wide open again which increases diffusion induced stress along with high compressive residual stress. The high resultant stress in coating causes the blister to propagate in an axis-symmetric circular pattern. A two-part theoretical approach has been utilised coupling the thermodynamic concepts with the mechanics concepts. The thermodynamic concepts involve the corrosive species transportation through micro-cracks under increasing compression, eventually causing blistering, while the fracture mechanics concepts are used to treat the blister growth as circular defect propagation. The influences of moduli ratio, thickness ratio, thermal mismatch ratio, poisson's ratio and interface roughness on blister growth are discussed. Experiment is reported for blistering to allow visualisation of interface and to permit coupled (diffusion and residual) stresses in the coating over a full range of interest. The predictions from model show excellent, quantitative agreement with the experimental results.
Introduction
Protective coatings tend to prevent the effects of physical and chemical attack on the substrate. However, in some circumstances this attack is promoted, rather than hindered, and this results in the delamination of coatings [1] . There are several causes of coating delamination such as micro-defects at the coating substrate interface and micro-cracks in coatings [2, 3] . Most coating systems suffer deterioration due to the presence of coating microcracks. These micro-cracks are produced at the time of fabrication or are very likely to have been caused by the difference in coefficients of thermal expansion of coating and the steel substrate. These micro-cracks may act as pathways for corrosive agents to diffuse through the coating barrier, which may result in the loss of adhesion between coating and substrate thus causing delamination [4] . Stress corrosion cracking (SCC), due to microcracks opening in a corrosive environment, results when the materials are subjected to tensile residual stress in a corrosive environment [5] [6] [7] . Contrary to this, compressive residual stress causes the contraction of micro-cracks resulting in the inhibition of corrosion which proves beneficial for the control of SCC [8, 9] . It is implied that the micro-cracks behaviour in materials correlate to the residual stresses in the materials. Along with the residual stress, the chemical stress (or diffusion induced stress) also influences the micro-cracks behaviour and therefore, affects the stability and reliability of materials [10] . The behaviour of micro-cracks in coatings under the coupling effect of residual stress and diffusion induced stress can result in early failure of coatings due to delamination which is a conventional problem and is currently receiving greater attention from the coatings industry [3] .
For residual stress analysis, vast literature has been available since the pioneering work of Stoney [11] on the formulation of stress variations derived from the experimental measurement of system curvature changes. Later on, based on Stoney formula various models have been developed [12] [13] [14] [15] [16] [17] [18] to address numerical computations of uniform residual strain in the coating. Recently, a model using computational techniques identified that the corrosion at the interface of coating and substrate is inhibited by compressive residual stress in coating due to the contraction of open corrosion paths in the coatings [19] . However, the model did not address the effects of the compressive residual stress over pre-existing structural micro-cracks in the coating and how compressive residual stress in coating may lead to complete delamination forming blisters. Hence the presented work contributes to significant knowledge creation in this theme.
Meanwhile, for diffusion induced stress various numerical models [20] [21] [22] [23] [24] [25] [26] were developed in previous decades after a series of studies on diffusion induced stress in the coating system. Many of these models were based on the pioneering work of Podstrigach [27] . In recent years, models using advanced computational methods involving diffusion induced stress have been developed [2, [28] [29] [30] . However, it is worth noting that the occurrence of the residual stress in the coating due to mismatch in thermal expansion cannot be neglected. Therefore, both the diffusivity and concentration of corrosive species will be enhanced by the hydrostatic stress [31] . Actually, the existing stress may speed up the diffusivity by opening the micro-cracks under tensile behaviour or hinder the diffusivity by constricting the micro-cracks under compressive behaviour.
When the thermal expansion of coating is greater than the substrate i.e. ⍺ c > ⍺ s , the positive temperature diversification (∆T > 0) from its fabrication temperature will induce compressive residual stress in the coating [9, [32] [33] [34] [35] . The pre-exiting micro-cracks in coating will gradually contract with increasing compressive residual stress on temperature rise. The increasing compressive residual stress will constrict the pathways for the diffusing corrosive species towards the interface. This will reduce the effect of diffusion induced stress in coating while the compressive residual stress will be high. To this point of rising ∆T, the direction of diffusion induced stress can be treated as opposite to that of the compressive stress gradient. With the further increase in compressive residual stress, the micro-cracks will constrict to the point where they cannot be constricted further and the coating will buckle away from the substrate under high compressive loading. Buckling will cause the tightly closed micro-cracks to wide open again, letting the diffusion of corrosive species. The buckling of coating from the substrate will form circular blister. At this point the direction of diffusion induced stress can be treated as similar to that of the compressive stress gradient. The high resultant stress in coating will cause the blister to propagate in an axis-symmetric circular pattern.
Pervious research has analysed [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] coating substrate system without the inclusion of micro-cracks. However, this research aims to analyse the coupling effects of residual and diffusion induced stresses on blister growth in the presence of coating micro-cracks. The analysis is performed within the framework of thermodynamics coupled with mechanics. The novelty within this research is the utilisation of two-part theoretical approach for circular blister nucleation and propagation incorporating the effects of coating microcracks, which has not been used in previous blistering models [46] [47] [48] [49] [50] [51] [52] . The combination of thermodynamics and mechanics approaches provides a novel technique to understand coating failures with micro-cracks. The diffusion concepts are used to model the transport of corrosive species through micro-cracks, under increasing compression, eventually causing blistering, while the fracture mechanics concepts are used to model the blister propagation as circular interfacial defect growth. The theoretical model is based on the experimental study which is conducted to analyse the key role that residual and diffusion induced stresses play in the nucleation and propagation of blisters in the presence of micro-cracks. The experiments validate the predications of theoretical model which are later highlighted in the simulation part. The predications of circular blister growth show excellent quantitative and qualitative agreement with the experiments. This research is significant in terms of wider industrial application both in static and dynamic load applications.
Experiment

Sample preparation and experimental setup
A thin carbon steel (AISI-SAE-1020) substrate with thickness s = 0.01 cm was used to prepare seven coated test samples with dimensions 15 cm x 10 cm each. The chemical composition of the carbon steel is 0.18-0.23%C, 0.3-0.6% Mn, and balanced Fe [53] . The purpose of preparing seven test samples was to analyse cross sectional (by using six out of seven samples) and top view (by using remaining one sample) microscopic images during the experimental procedure. The cross sectional analysis is a destructive process and therefore one of six samples at a specific test condition was taken out of the experimental procedure every time for the cross sectional analysis. With such approach, it was possible to attain six distinct cross sectional images (one image for each sample of the six samples) at six different experimental conditions during the experimental procedure. The cross sectional analysis of six samples under the microscope was performed by using a magnification of 10 x. The last remaining seventh sample was not required to be taken out of the experimental procedure every time for the top view surface analysis. Therefore the top view optical microscopic images by using a high resolution portable microscope with a resolution of 2 x and 10 x were obtained from the seventh sample under different conditions during the experimental procedure.
The coefficient of thermal expansion (CTE) and Young's modulus for the steel are ⍺ s = 11.7 x 10 -6 K -1 and E s = 200 GPa respectively [53] . Prior to coating deposition on steel samples, surface conditioning of steel sample was deployed by using polishing wheel with emery paper of 200 grit size. Post polishing, the conditioned samples were cleaned with a 35 min immersion into a constantly stirred solution of 50g/L Turco 4215 NC-LT. After completing this alkaline cleaning the samples were rinsed with deionized water and then air dried. Weight of the test samples was recorded to the nearest fifth significant figure and the steel samples were stored in a desiccator. Next, thin primer red oxide coating was applied on one side of the samples by using a conventional spraying gun at a temperature of 318 K (45 o C). The thickness of the coating was h = 20 m. The reason for applying coating on one side of samples was to heat the uncoated side in a chamber, while testing the coated side of the samples against high temperature. The chemical composition of primer red oxide is: white spirit (10-30%), low Aromatic white spirit (1-5%), 2-Butanone Oxime (<1%), Xylene and Mixed Isomers (<0.1%) [54] . The coefficient of thermal expansion CTE (⍺ c = 21.6 x 10 -6 K -1 ) and Young's modulus (E c = 6.14 GPa) for coating were measured by using thermomechanical analysis test according to the procedures of ASTM E831-14 and ASTM E2769 -13 respectively. Coating was allowed to fully seal over a 24 hours period at 318 K before testing. The temperature 318 K is referred to as the fabrication temperature of coating-substrate system. For ex situ residual stress measurement of thin coatings during experimentation, optical sensing technique (KSA multibeam optical sensor) was deployed [55] . The residual stress measurement was performed by monitoring the substrate curvature with an array of parallel laser beams and a CCD detector. The diffusion rate of species towards the interface was monitored by using a three electrode electrochemical system which was then used to calculate the diffusion induced stress by using conventional formulation [56] . Cross sectional and top view images of test samples were recorded frequently in order to analyse the condition of coating in terms of coating micro-cracks and blister propagation.
The behaviour of various micro-cracks on each sample (which was taken out of the experimental procedure for the microscopic analyses) was observed at different data points on the sample by using microscope. The cross sectional images of micro-cracks which were taken at different data points on the sample showed that all microcracks corresponding to different data points on the sample presented similar behaviour. However, for the purpose of discussion, the cross sectional images of a single micro-crack from each sample at various conditions are presented in this paper. The cross sectional images were used to measure the aperture size of micro-cracks such that a criterion was identified in which the size of aperture was measured at a depth of 0.5 m from the surface of coating for all micro-cracks.
Accelerated testing procedure
The experiment was designed to analyse the effect of compressive residual stress on the delamination of coating and its propagation in the presence of diffusion induced stress. All the seven samples were transferred from the temperature controlled unit where the samples were fully sealed over a 24 hours period at 318 K after their fabrication, to a corrosive atmosphere chamber such that the temperature of samples did not change from the fabrication temperature (318 K) during this transfer. This was achieved by transporting the samples inside a passive container with a well-maintained fabrication temperature. After transportation, the samples were then exposed to a corrosive environment inside the atmosphere chamber. The initial temperature of chamber was set at 318 K which is equal to the fabrication temperature of samples. The transport procedure with controlled temperature was adapted in order to avoid any temperature ramp of samples above the fabrication temperature (318 K). Inside the chamber, the electrolyte solution creating the fog was a 5 parts of sodium chloride in 95 parts of deionized water. All seven samples were positioned at a 60° angle inside the chamber with the coated face downward, as to avoid the direct pathway for condensate in to the coating. Samples were mounted inside the chamber on a stage, with controllable temperature facility to adjust the temperature of mounted samples. This technique was adapted in order to slowly increase the temperature of samples to 358.15 K (85 o C) from their fabrication temperature (318 K) at the same time when they were exposed to salt spray. The temperature was increased at the rate of 1K for every 1 hour. During the temperature increase from 318 K to 358.15 K, six cross sectional images, one image from each sample of six samples (which were specially dedicated for cross sectional analyses due to the destructive nature of cross sectional procedure) were obtained at six corresponding ∆T values respectively i.e. ∆T = 1 K, 3 K, 10 K, 15 K, 25 K and 35 K. For each ∆T value, one out of six samples was taken out of the chamber and transported to the microscope for cross sectional examination. During the process of transport and analysis, the temperature of samples was strictly maintained to the value at which it was taken out of the chamber in order to avoid false results. Such procedure provided with six distinct cross sectional images at six various ∆T values, as shown in fig. 1 (a-f). Similarly, the top view microscopic images at six different ∆T values (as above) were obtained from the single sample (which was specially dedicated for top view analysis) by using a high resolution portable microscope.
The increase in ∆T > 0 from fabrication temperature (318 K) resulted in the increase of compressive residual stress in coating due to mismatch of CTE (α ! > α ! ) between coating and steel. ∆T is given as [57]
The diffusion of corrosive species through coating micro-cracks as a result of samples exposure in chamber induced diffusion stress in the coating along with compressive residual stress due temperature increase.
Experimental observations
When the samples are exposed to the diffusing species in an environmental chamber, the diffusion of species through pre-existing micro-cracks starts which in turn induces diffusion stress in the coating. At the same time, the temperature change (∆T) induces residual stress in the coating. The concentration of diffusing species is controlled by the residual stress in the coating. The residual stress can either block the pathway of corrosive species (due to compressive behaviour when ∆T > 0) by constricting the aperture of pre-existing micro-cracks or can open the pathway of corrosive species (due to tensile behaviour when ∆T < 0) by exposing/opening the aperture of coating micro-cracks [32, 34, 35, 58] . For the coating substrate system with pre-existing coating micro-cracks, the size of the micro-crack aperture is a linear function of residual stress due to mismatch strain between the coating and substrate and the bending moment introduced by diffusion. The experimental observations, based on diffusion and compressive residual stress in the coating were divided in to three regions as discussed below.
Region 1
At the initiation of experiment when the temperature was close to the fabrication temperature of coating substrate system i.e. ∆T equal to 1 K, the aperture size of micro-crack was 2.1 m. This wide aperture provided the pathway for the diffusing species through the coating towards the interface as shown in fig. 1 (a) . Therefore at the start of the experiment, concentration of the diffusing species was high but still not high enough to start the process of corrosion at the interface of coating and substrate as show in fig. 1 (a) . Further with the increase in ∆T to 3 K, the aperture of micro-crack decreased slightly from 2.1 m to 1.3 m because of small rise in compressive residual stress in coating. At this stage, the concentration of diffusing species slightly reduced thus resulting in the small decrease in diffusion induced stress. The stress graphs for region 1 are also shown in fig.  2 . In this region, due to overall high diffusion induced stress compared to small compressive residual stress, no significant blistering failure, due to delamination was observed, as shown in cross sectional image in fig. 1 (a-b) and top view image in fig. 3 (a-b) . As the diffusion rate was initially high and then decreased slightly with respect to small increase in compressive residual stress, therefore, the direction of diffusion induced stress can be treated as opposite to that of the compressive stress gradient. Therefore, the elastic response of coating in region 1, which affected by the compressive residual stress σ ! ! and diffusion induced stress σ ! ! can be analysed in terms of the principle of linear superposition [59] as,
Where, σ is the resultant stress, coupling the effect of compressive residual stress σ ! ! and diffusion induced stress σ ! ! . In this region, the diffusion induced stress can be treated as a major influential parameter in coating because of initial high diffusion rate while compressive residual stress can be treated as a minor parameter because of its low value. Diffusion induced stress σ ! ! is represented in region 1 in fig. 2 as the only major influential parameter. Eq. 2 can now be modified in order to represent the diffusion induced stress as the major parameter.
With the further increase in ∆T to 10 K, the compressive residual stress corresponding to increasing ∆T also increased. The high compressive residual stress constricted the aperture of micro-crack to the size of 0.6 m. The small sized aperture minimized the concentration of diffusing species which in turn reduced the effect of diffusion induced stress in the coating as shown in cross sectional image fig. 1 (c) and top view image in fig. 3 (c). As ∆T was further increased till 13 K, the size of micro-crack aperture reduced to 0.07 m and reached to a point where it could not be constricted any further. At this point the high compressive residual stress initiated the buckling of coating from substrate at the interface as shown in the cross sectional image in fig. 1 (d) and top view image with visible tiny circular shaped blister in fig. 3 (d) . The radius of the delaminated area at the interface is denoted as r and was found to be equal to 20 m while the peak height of the delaminated area, denoted as δ, was found to be 0.7 m. The stress graphs for region 2 are also shown in fig. 2 . In this region, the direction of diffusion induced stress is opposite to that of the compressive residual stress gradient however due to high compressive residual stress, the value of diffusion induced stress is very small. Therefore, high compressive residual stress can be treated as a major influential parameter in coating which results in interfacial delamination. Compressive residual stress σ ! ! is represented in region 2 in fig. 2 as the only major influential parameter as,
The propagation of incipient interface crack (which is formed due to coating delamination) with increasing σ can be explained by using normalised debonding driving force F/G ! . Therefore from fig. 2 , by using the experimental data values of σ from region 2 and fitting them in to the normalised debonding driving force function: 60] gives an insight in to the profound influence of mode mix conditions on delamination behaviour as shown in fig. 4 . Where, F is the mode adjusted debonding driving force; mode I toughness Г !" appeared to depend on the thickness h of coating therefore, Г !" ≈ 0.2 Jm -2 for h ≈ 20 m [61] . It can be seen in fig. 4 at zone C, that as ∆T was increased from 13 K, F/G ! started to increase rapidly which resulted in high rate of coating delamination until it reached maxima Max at ∆T = 23 K. It is worth noting that F/G ! only exists when the coating had already delaminated (∆T ≥ 13 K) however in unbuckled state (∆T < 13 K) the debonding driving force is zero as shown in zones A and B.
Region 3
The constantly rising ∆T from 23 K, from now onwards induced significantly high compressive residual stress which resulted in complete (visible) delamination of coating from the substrate. The constricted coating microcrack now in case of region 3, wide opened again after the formation of large dome shaped blister. The size of micro-crack aperture increased to 2.5 m (the blister size in image 1 (e) exceeds the image scale for current microscopic resolution, the measurement of aperture size is still made at 0.5 m depth from coating surface and is shown by dotted line) which was larger than the initial aperture size of micro-crack at the start of experiment. This behaviour of micro-crack opened the diffusion path for the corrosive species and resulted in high diffusion rate. The blister size due to high diffusion rate and diffusion induced stress eventually became very large and reached to a value of δ = 5.2 m and r = 35 m as shown in the cross sectional image fig. 1 (e) and top view image 3 (e) (radius r is shown with a dotted line as the blister size exceeds the image scale). The values of radius r and peak height δ of delaminated area were observed to be constantly increasing with the blister size and reached to value of r = 75 m and δ = 11.1 m as shown in cross sectional image fig. 1 (f) and top view image 3 (f). It is worth noting that in region 3, high diffusion rate resulted in the formation of corrosion products further reducing the fracture toughness. For this region, the diffusion rate was initially low and then increased with respect to increasing compressive residual stress, therefore, the direction of diffusion induced stress can be treated as identical to that of the compressive stress gradient. Both the diffusion induced stress and the compressive residual stress in coating were increasing as shown in region 3 in fig. 2 . The elastic response of coating in terms of the principle of linear superposition can be written as,
The blister, after nucleation in region 3, had now propagated in stable circular pattern with increasing compressive residual stress and diffusion induced stress). For the stable circular growth of blister, F/G ! (which was calculated by using the same previous relation i.e. F/G ! = E ! Г !" /σ ! 1 − v ! h) was seen to remain constant at zone D in fig. 4 except for the possible instability with respect to non-axisymmetric growth (which will be discussed in our forthcoming paper).
Based on these observations, a model has been developed to address the effect of micro-cracks on the initiation of blister and its propagation in circular symmetric pattern.
Mathematical model
The presented model couples the thermodynamic concepts involving the diffusion of corrosive species through micro-cracks with mechanics concepts incorporating a bi-layer cantilever beam theory. The previous model has been developed and reported in [62] which investigated the behaviour of micro-cracks under the effect of tensile residual stress causing the micro-cracks to open wide right from the start of region 1 resulting in high corrosion rate at the interface. However, for such analysis, electrochemistry concepts (describing interfacial corrosion) were incorporated within the thermodynamics and solid mechanics concepts forming a three-part approach.
In this research which includes the compressive residual stress effects on micro-cracks causing blistering, fracture mechanics concepts (instead of electrochemistry concepts) involving von Karman nonlinear plate theory were used. Some of the equations for thermodynamics are utilised from [62] to develop a new blistering model under compressive loading in the presence of micro-cracks. The integration of thermodynamics and mechanics concepts which form a two-part blistering approach is shown in fig. 5 (a-b) . The thermodynamics part of fig. 5 (a) shows the varying size of micro-cracks opening (with increasing compressive stress) which affects the diffusion rate of species through the micro-cracks (portrayed by the arrows of various lengths) and diffusion induced stress. The mechanics part of fig. 5 (a) shows the propagation of circular blister as interfacial crack under the coupling effect of compressive and diffusion induced stresses. Fig. 5 (b) shows the direction of blister propagation in addition to blister radius r and radial angle θ.
In the thermodynamics part of model, consider a bilayer cantilever beam with one layer exposed to the diffusing species maintaining a concentration c ! as shown in fig. 5 (a) . Then according to current design, the top layer of the bilayer cantilever beam acts as a coating having a thickness h, length l ! and width b ! while the bottom layer of bilayer cantilever acts as a substrate having thickness s, length l ! and width b ! as shown in fig. 5 (a) . The coordinate system defines the interface of coating and substrate at location x = 0; the free surface of coating and substrate are located at x = h and x = −s respectively.
The following assumptions have been used during the analyses (i) thickness in each layer of bilayer cantilever is small compared to its length (ii) material properties such as Young's modulus and coefficient of thermal expansion mismatch (CTE) of coating do not vary during position change, during deformation and diffusion (iii) planer section which is perpendicular to axis remains planer after bending (iv) strains and rotations are negligible.
The concentration of corrosive species within the stressed elastic coating (top layer) changes with respect to time, as given below. The equation has already been derived in detail in paper [62] (eq. 21 (a)).
Where, ∂σ ! ! / ∂x is the change in resultant principle residual stresses along the surface of coating and
is the change in principle diffusion induced stresses in coating with respect to time; c ! ! represents the concentration of species k in an infinitely diluted electrolyte solution while
represent the change in concentration along the surface of coating; D ! ! is the diffusion coefficient of species k in coating; R represents the molar gas constant and T is the temperature; V ! ! is a scaler term, independent of stress, representing the partial molar volume of diffusing corrosive species k; E ! is the elastic modulus of coating.
It should be noted that the first and the second terms on right hand side of the equation denote the chemical contribution without the stress effect inclusion while the third term represents the coupling relation of diffusion induced stress and residual stress. It is also worth noting that in the above equation, concentration per unit time ∂c ! / ∂t (or diffusion rate) is a function of resultant stress change
. Considering the material properties to be constant, the resultant stress change
controls the diffusion rate of corrosive species through an elastic coating which depicts the behaviour similar to micro-cracks controlling the diffusion rate through coating under the resultant stress.
Eq. 6 can be modified to define a relation which represents the resultant stress change
as a function of , , and V ! ! as,
Eq. 7 for the resultant stress change σ =
is analogous to eq. 5 in region 3 derived thorough experimental findings. The equation is of central interest, as region 3 is the only region which encounters blister nucleation and propagation, the focal point of this paper. Therefore, for the prediction of blister growth, eq. 7 can be employed to calculate the effect of resultant stress change σ on the debondment crack tips which now integrates the previous thermodynamics concepts with the mechanics concepts.
The debondment crack tip is formed as a result of incipient delamination of coating from substrate. The conventional form of normalised stress ( = ! − [63]), can now be modified after incorporating eq. 7 as,
Where, r is the radius and represents the radius of a circular interface debondment (blister) as shown in fig. 5 (ab) . A circular interface debondment exists between the coating and substrate; σ !" is the critical stress when the coating just begins to delaminate from the substrate in both plane strain and axisymmetric mode [64] . σ !" depends on the radius of circular interface crack between coating and substrate; larger debondment radius r at the interface accounts for smaller σ !" and vice versa. It is worth noting that σ/σ !" in eq. 8 increases with the increase in resultant coating stress σ as well as blister radius r. In this research, σ is increasing in region 2 and 3 which results in the increase in r causing σ/σ !" to increase.
The normalised driving force F/G ! for debondment propagation is influenced by the elastic energy release rate G and a dimensionless mode mix function f ψ , [65]
; where
Where, G ! is the elastic energy per unit area stored in the coating which has not delaminated yet; ψ defines the ratio of mode II to mode I for debondment crack edge; λ (varies between 0 to 1) is the roughness parameter which is related to the roughness of the fractured interface with higher λ (close to 1) accounting for lower interfacial roughness and vice versa, λ for Primer coated steel substrate is found to be about 0.3 [66] ; M ! represents the bending moment of the crack edge as shown in fig. 5 (a) ; ∆N is the resultant stress force acting on the coating; ω in eq. 9 (c) depends on elastic mismatch χ [67] .
From eq. 9 and eq. 9 (a), it can be seen that G, f ψ and ψ at the edge of crack depend on the combination-terms h∆N/ 12M ! in eq. 9 (b), the term being the function of normalised blister height /ℎ . While /ℎ is a function of normalised stress σ/σ !" . Above substitutions of eq. 9 (a-b) in to eq. 9 redefine the Hutchinson's delamination propagation problem [63] for F/G ! in terms of resultant stress σ, which is a function of coupled residual and diffusion induced stresses.
Results and discussion
Based on the numerical simulation with the finite difference method, the effects of compressive residual stress coupled with diffusion induced stress on the nucleation and propagation of blister in the presence of micro-crack in coating are discussed in this section. For numerical work, all the dimensional parameters within the equations were normalised in the form as: Young's moduli ratio E c /E s , thickness ratio h/s, diffusion ratio
At first, the model prediction was validated by qualitative comparison with the experiment. The experiment showed a good qualitative agreement with the trend as predicted by the theory as shown in fig. 6 . The simulation result for the effect of increasing ∆T on the normalised (mode adjusted) debonding driving force F/Go is shown in fig. 6 where shows that at ∆T <13 K when the coating is intact with the substrate (blister radius r = 0) due to low resultant stress σ in regions 1 and 2 at zones A and B, the debonding driving force is zero. Only when the coating buckles away from the substrate (r > 0) at ∆T >13 K under high resultant stress σ, there is a non-zero debonding driving force at zones C and D. The plot shows that after ∆T = 13 K, the debonding driving force starts to increase because from this zone onwards the blister initiates and starts to spread. Further, above a certain value of ∆T = 23 K when the resultant stress is very high, the debonding driving force F diminishes with increasing ∆T, considering λ = 0.3. Therefore, a growing circular blister, in a state to the right of maxima Max is stable and grows in an axisymmetric circular pattern. fig. 8 that F/G o gradually increases with the increasing ∆T and then stabilises for various values of moduli ratio E c /E s . It can be seen that F/G o increases with the decrease in moduli ratio E c /E s . This indicates that, for a given value of thickness h/s and concentration of diffusing corrosive species, increasing the flexibility of coating (decreasing E c ) can significantly increase the debonding driving force F. It is also clear that in region 2, F/G o initiates earlier at lower ∆T for lower value of moduli ratio compared to higher value of moduli ratio. Therefore, in order to avoid early failure of coating at lower ∆T due to blistering under high compressive residual stress, it will be better to use coating-substrate system with higher value of moduli ratio ∆T. By doing so, it is believed that the coating-substrate system can sustain high ∆T without failing as seen for the case of E c /E s = 0.12 in fig. 8 .
For the case, considering the total thickness of coating-substrate system to be constant, the effects of thickness ratio h/s on F/G o are shown in fig. 9 where, fig. 9 it is observed that F/G o increases with increasing ∆T for various values of h/s. It can be seen that as the value of h/s increases, F/G o decreases showing that the coating with larger thickness accounts for less failure probability due to blistering compared to coating with smaller thickness. It can also be seen in region 2 that as the value of h/s increases, F/G o initiates later at higher ∆T as for the case of h/s = 0.5 in fig. 9 . Therefore, in order to avoid early failure of coating-substrate system due to blistering under high compressive residual stress, higher value of h/s should be used. with the increase in λ showing that the coating-substrate system will experience larger failure probability due to higher debonding driving force F when the interfacial roughness is small (high λ close to 1). Similarly, the failure probability of coating-substrate system will be low when the interfacial roughness is high (low λ close to 0). It can also be seen that the ∆T corresponding to which the debonding driving force F/G o initiates does not depend on the value of λ therefore all the trends initiate at the same ∆T = 13 K. However, after initiation in region 2 close to maxima Max, each trend of F/G o shows different behaviour in terms of the magnitude of F/G o in region 3.
Conclusions
This paper presents blistering mechanism in the presence of coating micro-cracks under the influence of compressive residual and diffusion induced stresses. Initial experimental studies showed that the elastic response of coating depended on the residual stress and diffusion induced stress can be analysed in terms of the principle of linear superposition. Since, the CTE of red oxide primer coating is greater than the steel substrate i.e. ⍺ c > ⍺ s , the increasing temperature from fabrication temperature (∆T > 0) induces increasing compressive residual stress in the coating allowing the gradual contraction of pre-existing coating micro-cracks. This steady contraction of micro-cracks allows blocking of species diffusion towards the interface and therefore, reducing the diffusion induced stress in the coating while the compressive residual stress increases. To this point of increasing ∆T, the direction of diffusion induced stress can be treated as opposite to that of the compressive stress gradient. With further increase in temperature, the micro-cracks will reach to the point, where they cannot be constricted any further and high compressive residual stress will cause the coating to buckle away causing delamination and therefore initiating blistering. As the coating delaminates under high compressive residual stress, the micro-cracks wide open again and diffusion of corrosive species starts again therefore, increasing the diffusion induced stress in the coating. Hence the direction of diffusion induced stress can be treated as similar to that of the compressive stress gradient. The high resultant stress in coating causes the blister to propagate in an axis-symmetric circular pattern.
Based on the experimental observations a two-part theoretical approach has been utilised coupling thermodynamic concepts involving diffusion of corrosive species with mechanics concepts incorporating bilayer cantilever beam theory. The diffusion concept is used to treat the corrosive species transport through micro-cracks under increasing compression, eventually causing blistering, while the fracture mechanics concept is used to treat the blister growth as circular defect propagation. The simulation results show that larger CTE mismatch ⍺ ! /⍺ ! accounts for higher normalised debonding driving force F/G o ; therefore to achieve better performance of coating-substrate system, it is always better to use less CTE mismatch of coating and substrate. Higher modulus ratio E s /E c accounts for lower F/G o therefore, keeping modulus ratio E s /E c high can significantly improve the performance of coating-substrate system in terms of blistering. Larger thickness ratio h/s accounts for lower F/G o therefore, to achieve better performance of coating-substrate system, it is better to keep thickness ratio h/s high. Larger poisson's ratio incurs lower F/G o showing that for better performance of coating-substrate system in terms of blistering it will be better to select coating material with lower poisson's ratio. Interfacial roughness directly effects F/G o , showing that larger interfacial roughness (smaller λ close to 0) account for lower F/G o assuring better performance while smaller interfacial roughness (larger λ close to 1) account for higher F/G o .
The prediction results were compared with the experimental results showing good quantitative and qualitative agreement between the two. The capabilities of theoretical model can be extended for predicting the unstable growth of circular blister, forming "telephone cord blister" which will be discussed in forthcoming research work.
